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Pd–Ce/USY catalysts were prepared by an impregnation method and then tested for their performance in

formaldehyde (HCHO) catalytic oxidation at room temperature after H2 reduction activation. We observed

that Ce doping had a dramatic promotion effect on the Pd/USY catalysts. The Pd–Ce/USY catalyst with a

loading of 0.5 wt% Pd and 0.5 wt% Ce exhibited a HCHO conversion of 80% with a WHSV of 300000 mL

g−1 h−1 and a HCHO inlet concentration of 150 ppm at 25 °C. Multiple physicochemical characterization

tests were performed to investigate the mechanism of the Ce-promotion effect. The results illustrated that

the Pd dispersion was increased due to the interaction between the CeO2 and Pd nanoparticles over the

0.5Pd–0.5Ce/USY-R catalyst. The increase in Pd dispersion enhanced the number of hydrogen spillover

sites during the H2 reduction activation process, which induced more oxygen vacancies on the surface of

the 0.5Pd–0.5Ce/USY-R catalyst. In addition, abundant oxygen vacancies were also formed owing to the

increased ratio of Ce3+ on the 0.5Pd–0.5Ce/USY-R catalyst, which facilitated the activation of surface OH

groups and surface-active oxygen species. Therefore, the HCHO oxidation performance and stability of the

0.5Pd–0.5Ce/USY-R catalyst was improved.

1. Introduction

Formaldehyde (HCHO), which is considered a priority indoor
air pollutant, is released from wood-based materials, flooring
materials, insulation materials, coatings and so on.1 Long-
term exposure to HCHO (even at ppm levels) will be harmful
to the eyes, skin, and respiratory system, and can even cause
cancer.1,2 In order to meet strict environmental regulations
and ensure public health, numerous strategies have been
developed to eliminate HCHO from indoor air, for instance,
adsorption,3 photocatalytic oxidation,4 thermal catalytic

oxidation,5 photo-thermal catalytic oxidation,6 and plasma
technology.7 For adsorption, as well known, because of their
limited adsorption ability, adsorbents need frequent
regeneration. For photocatalytic oxidation, plasma
technology, and high-temperature thermal catalytic oxidation,
additional equipment such as light sources, plasma devices,
or heating devices are required, increasing the application
cost and inducing secondary pollutants such as ozone.
Among various methods, room-temperature catalytic
oxidation is the most promising, with many outstanding
advantages such as energy efficiency, low operating
temperature and lack of harmful by-products. Noble metal
(Pt, Pd, Ir, Rh) catalysts are widely used due to their excellent
HCHO catalytic activity at room temperature.8–11

Surface oxygen vacancies (OVs) are believed to be
favourable for room-temperature HCHO oxidation on noble
metal catalysts. Liu et al.12 proposed that oxygen atoms in O2

and HCHO are first trapped on the oxygen vacancies over Pt/
NaInO2, which facilitates the subsequent HCHO oxidation
reaction. Oxygen vacancies are important active sites for
water dissociation to form surface hydroxyl groups to directly
transform surface formate into final products.13 Higher
concentrations of oxygen vacancies were found to better
activate O2 and improve the mobility of oxygen, thereby
enhancing the catalytic activity of Au/CeO2 catalysts.14 In
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addition, the oxygen vacancies of Pd/CeO2 are conducive to
adsorbing oxygen species. These oxygen species could adsorb
the HCHO molecule and oxidize it immediately to
dioxymethylene (DOM).15

Several strategies have been used to enhance the
concentration of oxygen vacancies, including metal
doping,14,16,17 organic solvent addition,18 high-temperature
hydrogen reduction,9,13 NaBH4 reduction,19,20 shape
control,21 and so on. Ceria could enhance the catalytic
activity via the metal–support interaction and/or improved
dispersion of the active metal component.22–24 In addition,
ceria has been shown to possess excellent oxygen storage
capacity (OSC).25 Previous studies found that oxygen
vacancies can be produced by the transformation between
Ce3+ and Ce4+ (4Ce4+ + O2− → 2Ce4+ + 2Ce3+ + □ + 0.5O2 (□
represents an empty position)) over ceria-based materials.26

The higher the relative concentration of Ce3+, the more
oxygen vacancies can be formed.27

In our previous study, an acid treatment strategy was
found to improve the hydroxyl concentration and further
enhance the performance of Pd/USY catalysts in HCHO
catalytic oxidation.28 In the present work, an appropriate
amount of Ce was introduced into the Pd/USY catalyst to
further improve the catalytic activity, and the effect of Ce
addition on Pd/USY catalysts was also investigated. It was
found that Ce doping had a dramatic promotion effect on
the Pd/USY catalyst. The 0.5Pd–0.5Ce/USY-R catalyst
showed much higher performance for HCHO oxidation
than the corresponding Ce-free catalyst, achieving 80%
conversion of 150 ppm of HCHO to CO2 and H2O at a
weight hourly space velocity (WHSV) of 300 000 mL g−1

h−1 at 25 °C. The catalysts were then characterized by a
variety of techniques. Based on the characterization
results, the effects of Ce doping were discussed and
elucidated.

2. Experimental section
2.1 Catalyst preparation and characterization

Details of the preparation and characterization of the
catalysts are described in the ESI.†

2.2 Activity test

The experimental conditions for the activity testing of the
catalysts for HCHO catalytic oxidation were according to our
previous work,29 but the WHSV was controlled at 300 000 mL
g−1 h−1.

3. Results and discussion
3.1 HCHO catalytic activity

Fig. 1 and S1† show the catalytic activity of the fresh and
reduced catalysts for HCHO oxidation. As shown in Fig. S1a,†
the fresh catalysts possessed the ability of HCHO removal
only at the beginning of the activity test, and there was no
CO2 yield (shown in Fig. S1b†), which means that the
removal of HCHO was due to adsorption. A similar
phenomenon was observed on the USY-R and 0.5Ce/USY-R
samples as shown in Fig. 1, indicating that the removal of
HCHO by the supports and Pd2+ species can be excluded. In
contrast, the activities of the 0.5Pd/USY-R and 0.5Pd–0.5Ce/
USY-R catalysts were greatly enhanced compared to the fresh
catalysts after loading with Pd particles followed by reduction
treatment, indicating that metallic Pd species were the main
active sites for HCHO oxidation. It is worth noting that at the
beginning of the testing, the HCHO conversion rates of
0.5Pd/USY-R and 0.5Pd–0.5Ce/USY-R were 80% and 90%,
respectively. After 12 hours of testing, the HCHO conversion
rate on 0.5Pd/USY-R decreased to 53%, while on 0.5Pd–0.5Ce/
USY-R, the HCHO conversion rate maintained at 80%.
Meanwhile, from Fig. S2,† the CO2 yield rates and HCHO
conversion rates showed the same trend over the 0.5Pd/USY-

Fig. 1 HCHO conversion over USY-R, 0.5Ce/USY-R, 0.5Pd/USY-R and
0.5Pd–0.5Ce/USY-R catalysts. Reaction conditions: HCHO 150 ppm, 20
vol% O2, 35% RH, He balance, WHSV 300000 mL g−1 h−1 at 25 °C.

Fig. 2 XRD patterns of USY-R, 0.5Ce/USY-R, 0.5Pd/USY-R and 0.5Pd–
0.5Ce/USY-R catalysts.
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R and 0.5Pd–0.5Ce/USY-R catalysts. From Fig. S3,† the 0.5Pd–
0.5Ce/USY-R catalyst exhibited excellent stability and with
approximately 63% HCHO conversion for a 50 h-long test. It
is clear that Ce doping on the carriers not only significantly
improved the catalytic activity of the 0.5Pd–0.5Ce/USY-R
catalyst for HCHO oxidation but also greatly enhanced its
stability.

3.2 Structure of catalysts

XRD patterns of the reduced catalysts are shown in Fig. 2. No
diffraction peaks for ceria can be observed in any of the XRD
patterns, indicating that the ceria nanoparticles were
uniformly dispersed and very small in size. One diffraction
peak at 40.1° appeared in the patterns of the 0.5Pd/USY-R
and 0.5Pd–0.5Ce/USY-R catalysts, which was assigned to Pd
species. The results indicated that Pd particles were
introduced on the catalysts.

Table 1 summarizes the BET surface areas of the four
catalysts. The USY-R, 0.5Ce/USY-R, 0.5Pd/USY-R and 0.5Pd–
0.5Ce/USY-R catalysts possessed similar specific surface areas
of 686.4, 662.2, 667.5 and 688.4 m2 g−1, respectively. Fig. S4†
shows the nitrogen adsorption–desorption isotherms of the
USY-R, 0.5Ce/USY-R, 0.5Pd/USY-R and 0.5Pd–0.5Ce/USY-R
catalysts. All catalysts showed type I hysteresis loops,
indicating that the catalysts possessed a large number of
micropores.

Fig. 3 and Table 1 show the HAADF-STEM images and Pd
nanoparticle size distributions of 0.5Pd/USY-R and 0.5Pd–

0.5Ce/USY-R. Interestingly, the Pd size distributions of 0.5Pd–
0.5Ce/USY-R was clearly smaller than that of 0.5Pd/USY-R,
which might be related to the formation of a Pd–CeO2

interaction on 0.5Pd–0.5Ce/USY-R during the loading of Pd.

3.3 Chemical states of catalysts

Fig. 4 shows the Pd 3d XPS spectra of the 0.5Pd/USY-R and
0.5Pd–0.5Ce/USY-R catalysts. Two kinds of Pd species were
observed on both catalysts. The peak at 337.0 eV was ascribed
to PdO, which may be attributed to the re-oxidation of metal
Pd particles in air during the transfer of the sample to the
XPS chamber.30,31 The peak at 335.3 eV of the 0.5Pd/USY-R
catalyst and 335.0 eV of the 0.5Pd–0.5Ce/USY-R catalyst can
be ascribed to metallic Pd.32 It can be observed that a shift of
Pd 3d to a higher binding energy occurred on the 0.5Pd–
0.5Ce/USY-R catalyst, indicating the presence of a strong Pd–
CeO2 interaction.

33

Fig. 5 and Table S1† show the Ce 3d XPS spectra of the
0.5Ce/USY-R and 0.5Pd–0.5Ce/USY-R catalysts. The

Table 1 Specific surface area (SBET), Pd particle size (D) and Pd dispersion
(d) of USY-R, 0.5Ce/USY-R, 0.5Pd/USY-R and 0.5Pd–0.5Ce/USY-R
catalysts

Catalysts SBET (m2 g−1) Da (nm) db (%)

0.5Pd–0.5Ce/USY-R 688.4 5.82 19.3
0.5Pd/USY-R 667.5 7.12 15.8
0.5Ce/USY-R 662.2 —
USY-R 686.4 —

a Pd particle size measured with HAADF-STEM. b Pd dispersion
calculated based on D.10

Fig. 3 HAADF-STEM images and particle size distributions of 0.5Pd/
USY-R and 0.5Pd–0.5Ce/USY-R catalysts.

Fig. 4 Pd 3d XPS spectra of 0.5Ce/USY-R and 0.5Pd–0.5Ce/USY-R
catalysts.

Fig. 5 Ce 3d XPS spectra of 0.5Ce/USY-R and 0.5Pd–0.5Ce/USY-R
catalysts.
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concentration of Ce3+ on the 0.5Pd–0.5Ce/USY-R catalyst was
higher than that on the 0.5Ce/USY-R catalyst, indicating that
there were more oxygen vacancies on the 0.5Pd–0.5Ce/USY-R
catalyst.27

3.4 Defect analysis

ESR was further used to examine the oxygen vacancies
present in the catalysts and the results are shown in Fig. 6.
All the samples showed a signal at g = 1.998, which was
ascribed to oxygen vacancies.34 Notably, the USY-R catalysts
possessed the weakest signal intensity, which was ascribed to
the formation of framework oxygen vacancies during acid
treatment. After doping Ce on the USY support, the signal
intensity became stronger for the 0.5Ce/USY-R catalyst, which
implied that Ce doping could produce oxygen vacancies on
the Ce-USY sample. According to previous studies, oxygen
vacancies can be produced by the transformation between
Ce3+ and Ce4+, 4Ce4+ + O2− → 2Ce4+ + 2Ce3+ + □ + 0.5O2 (□
represents an empty position) over ceria-based materials.26,27

Ce4+ could be reduced to Ce3+ during the hydrogen reduction
treatment. The Ce 3d XPS results were in line with the results
of ESR. After loading Pd on the 0.5Ce/USY support, the signal
intensity was greatly enhanced on the 0.5Pd–0.5Ce/USY-R
catalyst, which was attributed to hydrogen spillover during
high-temperature hydrogen reduction.9

3.5 Surface-active oxygen species

H2-TPSR measurements were used to investigate the
activation of surface O species on the reduced catalysts,
according to the following reaction occurred during the H2-
TPSR process: 2H2 + O2 → 2H2O, and the results are shown
in Fig. 7. The influence of the adsorbed H2O has been
excluded (Fig. S5†). As shown in Fig. 7, broad H2O
desorption peaks at 206 °C and 180 °C were observed in
the range of 0–375 °C over the 0.5Pd/USY-R and 0.5Pd–
0.5Ce/USY-R catalysts, respectively. Compared to the 0.5Pd/

USY-R catalyst, the 0.5Pd–0.5Ce/USY-R catalyst exhibited a
larger H2O desorption peak area, indicating that the
catalyst consumed more active O2 to form H2O. In addition,
the H2O desorption peak temperature for the 0.5Pd–0.5Ce/
USY-R catalyst was lower than that of the 0.5Pd/USY-R
catalyst, implying that the activity of the active O2 was
stronger. It is clear that after doping with Ce, the 0.5Pd–
0.5Ce/USY-R catalyst possessed more surface-active oxygen
species than the 0.5Pd/USY-R catalyst, and the surface-
active oxygen species were more reactive. Surface-active
oxygen species play significant roles in the HCHO oxidation
reaction.35,36 Therefore, the activity of HCHO oxidation on
the 0.5Pd–0.5Ce/USY-R catalyst was significantly enhanced
by Ce doping.

The CO-TPR experiment was carried out to determine
whether the activation of the surface OH species was
enhanced on the Ce-doped 0.5Pd/USY catalyst, according to
the reaction mechanism 2CO + 2OH → 2CO2 + H2,

37 and

Fig. 6 ESR of USY-R, 0.5Ce/USY-R, 0.5Pd/USY-R and 0.5Pd–0.5Ce/
USY-R catalysts.

Fig. 7 H2-TPSR profiles of 0.5Pd/USY-R and 0.5Pd–0.5Ce/USY-R
catalysts.

Fig. 8 CO-TPR profiles (a) CO2 and (b) H2 on 0.5Pd/USY-R and 0.5Pd–
0.5Ce/USY-R catalysts.
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the results are shown in Fig. 8. Smaller amounts of CO2

and H2 were produced on the 0.5Pd/USY-R catalyst without
Ce doping, which indicated that there were fewer OH
groups on the 0.5Pd/USY-R catalyst. In contrast, larger
amounts of CO2 and H2 were observed on the 0.5Pd–0.5Ce/
USY-R catalyst in the range of 0–500 °C, suggesting that
abundant OH groups existed on the 0.5Pd–0.5Ce/USY-R
surface. Previous studies have reported that surface OH
groups could be produced with the oxygen vacancies on
CeO2.

38,39 Therefore, the increased in the number of
surface OH on the 0.5Pd–0.5Ce/USY-R catalyst can be
attributed to the increase in oxygen vacancies after Ce
doping. The surface OH groups play an important role in
HCHO catalytic oxidation;40 thus, the enhancement of the
surface OH concentration by Ce doping is one of the main
reasons for the improved performance of 0.5Pd–0.5Ce/USY-R
for HCHO oxidation.

3.6 Role of H2O in HCHO oxidation

O2 and H2O startup–shutdown cycling experiments were
carried out next to clarify the role of O2 and H2O in HCHO
oxidation, and the results are shown in Fig. 9 and 10. As
shown in Fig. 9, there was a similar phenomenon on the
0.5Pd/USY-R and 0.5Pd–0.5Ce/USY-R catalysts. When the gas
flow has no O2, the catalysts showed almost no activity for
HCHO oxidation (zones I and III); however, HCHO conversion
was achieved after introducing O2 into the gas flow (zones II
and IV). As shown in Fig. 10, the HCHO conversion of the
0.5Ce/USY-R and 0.5Pd–0.5Ce/USY-R catalysts depended on
the presence of moisture. When there was no moisture in the
gas flow, the HCHO conversion gradually decreases with the
prolongation of test time (zones I and III). After introducing
water vapor into the gas flow, the HCHO conversion was
significantly enhanced (zones II and IV).

Fig. 9 O2 effects on the activity of (a) 0.5Pd/USY-R and (b) 0.5Pd–0.5Ce/USY-R catalysts. Reaction conditions: 150 ppm of HCHO, 20% O2, 35%
RH, He balance, 400000 mL g−1 h−1 WHSV, 25 °C.

Fig. 10 H2O effects on the activity of (a) 0.5Pd/USY-R and (b) 0.5Pd–0.5Ce/USY-R catalysts. Reaction conditions: 150 ppm of HCHO, 20% O2, 35%
RH, He balance, 400000 mL g−1 h−1 WHSV, 25 °C.
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The above results indicated that there was a synergistic
effect between H2O and O2 in HCHO oxidation on the 0.5Pd/
USY-R and 0.5Pd–0.5Ce/USY-R catalysts at room temperature.
Previous studies reported that surface OH groups are formed
by water dissociation on oxygen vacancies or on metal
surfaces through water–oxygen interactions,41–44 which then
enhanced the diffusion of oxygen.45,46 Because the 0.5Pd–
0.5Ce/USY-R catalyst possessed more oxygen vacancies than
the 0.5Pd/USY-R catalyst, it had a much higher capacity for
O2 and H2O activation, thus significantly enhancing the
HCHO oxidation activity and stability.

3.7 Reaction mechanism

The reaction mechanism of HCHO oxidation on the 0.5Pd–
0.5Ce/USY-R and 0.5Pd/USY-R catalysts was next investigated
at room temperature using in situ DRIFTS. As shown in
Fig. 11 and S7,† HCHO oxidation on the 0.5Pd–0.5Ce/USY-R
and 0.5Pd/USY-R catalysts followed a similar reaction
pathway. After being exposed to HCHO + He, the
dioxymethylene (DOM) species (1110 and 1238 cm−1), formate
species (1412 and 1596 cm−1),40,47,48 adsorbed HCHO
molecules (1715 cm−1),49 ν(C–H) (2837, 2928 and 2992 cm−1),
and surface hydroxyl species (3678 and 3747 cm−1)50 were
observed. Then, after the introduction of O2, the adsorbed
HCHO molecules were decreased. Finally, after introducing
H2O + O2, the ν(OH) (band ranging from 3600 to 2800 cm−1)
and δ(H2O) (1645 cm−1) dramatically increased, and the
bands at 1110 and 1238 cm−1 should also be assigned to
adsorbed water (the USY-R support test is displayed in Fig.
S6†). To summarize the above experimental phenomena, it
was concluded that the HCHO oxidation over 0.5Ce–0.5Pd/
USY-R and 0.5Pd/USY-R follows the two-step pathway: HCHO
+ OH → H2CO2(DOM) + OH → HCOO + OH → CO2 + H2O.

4. Conclusions

In summary, this work demonstrates that Ce doping has a
dramatic promotion effect on Pd/USY catalysts for ambient
HCHO oxidation. As shown above, adding Ce to the Pd/USY
catalyst led to the formation of well-dispersed Pd species,
which possessed more active sites for hydrogen spillover
during the H2 reduction activation process and induced more
oxygen vacancies. Furthermore, due to the presence of Ce,
oxygen vacancies were also produced by the transformation
between Ce3+ and Ce4+ during hydrogen reduction treatment.
More oxygen vacancies facilitated the activation of surface
OH groups and surface-active oxygen species and thus
significantly increased the catalytic activity and stability of
the 0.5Pd–0.5Ce/USY catalyst for ambient HCHO destruction.
In future work, a deeper exploration of the interaction
mechanisms between noble metals and Ce species could be
accomplished through theoretical calculations. This will
elucidate the pivotal roles of various Ce states in HCHO
oxidation. The theoretical and experimental foundations
established by such investigations will contribute
significantly to the development of cost-effective and efficient
catalysts.
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